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Mitochondrial genomic mutations are found in a variety of human
cancers; however, the frequency of mitochondrial DNA (mtDNA)
mutations in coding regions remains poorly defined, and the
functional effects of mitochondrial mutations found in primary
human cancers are not well described. Using MitoChip, we se-
quenced the whole mitochondrial genome in 83 head and neck
squamous cell carcinomas. Forty-one of 83 (49%) tumors contained
mtDNA mutations. Mutations occurred within noncoding (D-loop)
and coding regions. A nonrandom distribution of mutations was
found throughout the mitochondrial enzyme complex compo-
nents. Sequencing of margins with dysplasia demonstrated an
identical nonconservative mitochondrial mutation (A76T in ND4L)
as the tumor, suggesting a role of mtDNA mutation in tumor
progression. Analysis of p53 status showed that mtDNA mutations
correlated positively with p53 mutations (P < 0.002). To charac-
terize biological function of the mtDNA mutations, we cloned
NADH dehydrogenase subunit 2 (ND2) mutants based on pri-
mary tumor mutations. Expression of the nuclear-transcribed,
mitochondrial-targeted ND2 mutants resulted in increased
anchorage-dependent and -independent growth, which was ac-
companied by increased reactive oxygen species production and an
aerobic glycolytic metabolic phenotype with hypoxia-inducible
factor (HIF)-1« induction that is reversible by ascorbate. Cancer-
specific mitochondrial mutations may contribute to development
of a malignant phenotype by direct genotoxic effects from in-
creased reactive oxygen species production as well as induction of
aerobic glycolysis and growth promotion.
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S ince the initial description by Warburg 70 years ago (1) that
cancer cells had impaired mitochondrial respiratory func-
tion, the role of aberrant mitochondrial function in tumor
development has been suspected. The interest in mitochondrial
genomic alterations in cancer has been renewed in recent years
because of studies demonstrating mitochondrial DNA (mtDNA)
mutations in a variety of solid tumors (2-6). However, many of
these investigations are restricted to the mitochondrial noncod-
ing D-loop region. Although a few studies have sequenced the
whole mitochondrial genome (2, 7), the mutation frequency and
pattern in the entire mitochondrial genome remain poorly
defined, particularly in a specific type of tumors, because of the
limited sample sizes.

A commonly proposed hypothesis for the role of mtDNA
mutations in primary cancers is that mtDNA mutations cause
increased reactive oxygen species (ROS) generation, which in
turn alters signal transduction pathways, resulting in activation of
oncogenes or inactivation of tumor suppressor genes. However,
direct cloning of mitochondrial genes into conventional expres-
sion vectors is not possible, because direct translation of mito-
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chondrial sequences results in multiple amino acid alterations or
premature truncation attributable to differences in translation
between the mitochondrial and nuclear genetic code. Therefore,
although mtDNA mutations are widely reported, only a few
studies explored the biological mechanism of mtDNA mutations
in cancer. Murine studies with knockout of MnSOD have shown
increased DNA damage and cancer incidence, which suggests a
role of ROS in tumor development (8). The potential for
mtDNA mutations to influence tumor development has been
demonstrated by the finding that ATP/6 mutant cybrids induce
an increase in ROS generation with increased tumorigenicity
when placed into prostate cancer cell lines (9). However, this
mutation was originally derived from a Leigh syndrome patient
and was not found in a primary tumor. Definitive evidence of the
contribution of mitochondrial genomic mutations found in pri-
mary cancers to development of a malignant phenotype has yet
to be demonstrated.

We recently have developed an oligonucleotide microarray
(MitoChip version 2.0) for rapid and accurate sequencing of the
entire mitochondrial genome (10). Using this platform, we
report the whole mitochondrial sequences of 83 primary head
and neck carcinomas. Because p53 frequently is present in head
and neck cancers (11), we analyzed the correlation between the
p53 status and mtDNA mutations, and we found a positive
association between p53 mutations and mtDNA mutations. In an
effort to describe the function of mtDNA mutation in tumori-
genesis, we have applied the long-range gene synthesis technique
to convert the mitochondrial NADH dehydrogenase subunit 2
(ND2) gene directly into nuclear code and subcloned the gene
into a vector containing mitochondrial target sequence. We
further demonstrate that nuclear-transcribed, mitochondrial-
targeted mutant mitochondrial ND2 proteins based on primary
tumor mutants resulted in increased anchorage-dependent and
-independent growth, ROS production, and an aerobic glycolytic
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Fig.1. mtDNA mutationsin primary tumor and margin tissues. (A) Frequency
of mtDNA mutations in mitochondrial genes. Mutations were found in all
coding genes and noncoding genes, including D-loop, 12S rRNA, 16S rRNA,
and tRNA. All mutations are graphed in gray. Nonsynonymous mutations are
shown in black (dAA). (B) Anidentical mutation in gene ND4L (G-A, at position
10695) was identified in margins with dysplasia adjacent to primary tumor
2232. Mutations were found in margin 3 (M3) having moderate and high-
grade dysplasia and margin 4 (M4) having mild dysplasia. Margin 1 (M1) and
margin 2 (M2) had no dysplastic changes showing no mutations. Arrows
indicate mutations.

metabolic phenotype with hypoxia-inducible factor (HIF)-1a
induction that is reversible by ascorbate.

Results

mtDNA Mutations in Primary Tumor and Margin Tissues. To define
the pattern and frequency of mtDNA mutations, we sequenced
the entire mitochondrial genome of 83 primary head and neck
tumor samples. All samples were sequenced with a mitochon-
drial microarray-based technique (MitoChip version 2.0), which
provides rapid and high-throughput sequencing of mtDNA with
>99.99% reproducibility (10, 12). Sequencing results of tumor
DNA were compared with those from matching peripheral white
blood cells from these patients, and 228 mutations were iden-
tified in primary head and neck tumors when compared with
matched normal blood leukocyte DNA [supporting information
(SI) Table 2]. Mutations were found throughout the D-loop and
coding region. We found proportionally more nonsynonymous
amino acid-changing mutations in ND2, ND5, COIII, CYTB, and
ATP6 genes and, in general, found a nonrandom distribution of
mutations throughout the mitochondrial enzyme complex com-
ponents, as shown in Fig. 14. Results showed that 49% (41/83)
of primary tumors contained at least one mitochondrial genomic
mutation, and 29% (24/83) of tumors had nonsynonymous
mutations, which were confirmed by conventional PCR-based
sequencing. In addition, 14 of 83 tumors contained an alteration
in tRNA sequence, 24 of 83 tumors had an alteration in the
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Table 1. Multivariate logistic regression analysis for mtDNA
mutations and p53 status

Odds ratio 95%
confidence limits

Variable Odds ratio Lower Upper P value
Male 0.218 0.07 0.70 0.010
White 0.37 0.12 1.14 0.080
p53 5.73 1.93 17.01 0.002

D-loop sequence of the mitochondrial genome, and 14 of 83
tumors had an alteration in mitochondrial ribosomal RNA
sequence. Almost all tumors with mitochondrial mutations
contained mutations with potential for altering mitochondrial
function via alterations in transcription, translation, or replica-
tion: 47% (39/83) of all tumors contained at least one of a
D-loop, tRNA, ribosomal RNA, or nonsynonymous coding
mutation. Although more mutations were identified in ND2,
NDS5, COllI, CYTB, and ATP6 genes, no obvious hot spots were
found in these genes. The majority of tumors contained from 1
to 4 mutations, with one tumor containing up to 23 mutations (SI
Fig. 6).

Studies on mtDNA alterations revealed that the mtDNA D-loop
alterations correlate with the development of head and neck cancer
with increasing frequency of the mtDNA alterations paralleling
histological severity (13), suggesting that such alterations in mtDNA
may play a role in tumor development and transformation. To
explore the role of mtDNA in cancer progression, we therefore
examined margins harvested adjacent to primary head and neck
tumors at the time of tumor resection. From this cohort, one patient
had dysplasia at two margins. The remaining patients had no
evidence of dysplasia. These two margins with dysplasia demon-
strated the same nonconservative mitochondrial mutation (A76T in
NDA4L) as in the tumor (Fig. 1B).

Association of p53 Mutations and mtDNA Mutations. We analyzed
the correlation between p53 status and mtDNA mutations. All
83 patients previously had undergone sequencing of exons 2-10
of the p53 gene by using array-based sequencing, and detected
mutations were confirmed with conventional PCR-based cycle
sequencing. Results showed that 53% (44/83) patients had a p53
mutant tumor (SI Table 3), and 69% (57/83) of patients had a
tumor that contained either a p53 or mitochondrial mutation.
Clinical variables, including age, gender, race, site, stage, clinical
outcome, smoking, and ethanol intake, also were analyzed. We
found that mitochondrial mutation was associated with p53
mutation status (P = 0.01) (odds ratio: 95%; confidence interval:
1.4, 8.4) and weakly associated with male gender (P = 0.06) and
Caucasian race (P = 0.14) (SI Table 4). By using a multivariate
model adjusting for race and gender, pS3 positive patients are 5.7
times (odds ratio: 95%; confidence interval: 1.9, 17.0) as likely
to have a mitochondrial mutation (P = 0.002) (Table 1).
Mutation in the p53 gene is associated with tobacco exposure in
head and neck cancer (14); however, we did not find an
association between p53 or mitochondrial mutation and tobacco
exposure in this cohort (SI Table 4).

Anchorage-Dependent and -Independent Growth. The nonrandom
nature of nonsynonymous mitochondrial mutations, association
with premalignant precursors, and association with other gene
alterations in mitochondrial genes may suggest that nonsynony-
mous mitochondrial mutations provide a selective advantage
during tumor development and progression. To determine the
role of mtDNA mutation in tumorigenesis, we cloned ND2
mutants found in primary head and neck squamous cell carci-
nomas (HNSCC). Using long-range gene synthesis (Genscript,
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Fig. 2. ND2 mutants induced increased anchorage-dependent and

-independent growth. (A) RT-PCR showing expression of vector (V), wild-type
(wt), and mutant (mt1 and mt2) constructs after transient transfection. (B)
Colony focus assay showing increased colony formation in ND2 mutants (mt1
and mt2) compared with vector and wild type (mt1: ND2-G4831A, amino acid
change G-D; mt2: ND2-A4605G, amino acid change K-E). The numbers repre-
sent the total number of colonies per dish. Data represent mean = SD of three
independent experiments. Student’s t test showed significance between mu-
tants and wild type (P < 0.05). (C) Soft-agar assay showing increased anchor-
age-independent growth in mutants 1 and 2 compared with vector and
wild-type construct. Data represent mean + SD of three independent exper-
iments. Student’s t test showed significance between mutants and wild type
(P < 0.05). (D) Representative pictures of colonies in soft agar for the different
vector (Upper Left), wild-type (Upper Right), and mutant 1 (Lower Left) and
2 (Lower Right) constructs.

Piscataway, NJ), we converted the ND2 gene directly into
nuclear code and subcloned the gene into a vector containing
mitochondrial target sequence (pCMV/myc/mito). We trans-
fected wild-type and mutant nuclear versions of mutant ND2
found during sequencing of the primary tumors into HeLa cells
and performed RT-PCR to confirm the expression of the
transfected gene (Fig. 24). We chose HeLa cells for our exper-
iments because we had sequenced the entire mitochondrial
genome of this cell line and found that it has no mutations in
ND2. We performed standard colony focus assays and found a
significant increase in colony formation in both mutants when
compared with wild type (P < 0.05) (Fig. 2B). A significant
increase in anchorage-independent growth also was seen in
mutants when compared with vector alone and wild type (P <
0.05) (Fig. 2 C and D). We then assessed the ability of these ND2
mutants to proliferate in an anchorage-independent manner. We
performed experiments on normal human oral immortalized
keratinocytes OKF6 and head and neck squamous cancer cell
line O19. However, soft-agar assay revealed that OKF6 cells
transfected with ND2 mutants were not able to form colonies. In
contrast, O19 cells transfected with ND2 mutants formed sig-
nificantly more colonies in soft agar compared with wild type,
although no difference was observed in colony focus assays (SI
Fig. 7).

Mutant-Induced ROS Generation. To explore mechanism by which
these mutations contributed to the phenotypic expression of
malignancy, we measured ROS production in HeLa cells trans-
fected with mutant mitochondrial-coded ND2. As shown in Fig.
3, ROS production was markedly increased in cells transfected
with mutants when compared with wild-type and vector-alone
transfected cells.
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Fig. 3. ROS generation in transfected Hela cells measured by flow cytom-
eter. Forty-eight hours posttransfection, cells were harvested, and ROS was
measured with a fluorescence probe 2',7'-dichlorodihydrofluorescein diac-
etate (DCFH-DA). Significant increase in ROS was detected in mutants com-
pared with wild type and vector as indicated by the counts in the M1 region.
As a positive control, ROS was measured in cells pretreated with 100 uM H,0,
for 30 min. Image represents two individual experiments.

Induction of HIF-1a and Elevated Pyruvate and Lactate Production.
Recently, the cancer-specific aerobic glycolytic metabolism re-
ported by Warburg (1) 70 years ago has been linked to impair-
ment of HIF-1« degradation induced by 2-oxoglutarate analogs,
including pyruvate and lactate, which can be reversed by addition
of ascorbate and other agents (15). We hypothesized that the
identified mutations in mitochondrial complex I subunit 2 (ND2)
also may result in impaired respiration, resulting in accumulation
of reduced NADH and pyruvate and HIF-1« stabilization. We
created stably transfected HeLa cells and found elevated pyru-
vate and lactate when comparing mutant-transfected cell lines
with wild type (Fig. 4). We further examined the expression level
of HIF-1a in cells transfected with mutant and wild type. To
maximize the effect of ND2 mutants, cells transfected with ND2
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Fig. 4. Pyruvate (A) and lactate (B) measurement. Hela cells stably trans-
fected with ND2 mutants and wild-type constructs were plated in a six-well
plate (1.5 X 10° per well). The cells were allowed to grow in pyruvate- and
lactate-free media for 24 h, then media were collected and assayed for
concentrations of pyruvate and lactate. Data represent mean =+ SD of three
individual experiments. Student'’s t test showed significance between mutants
and wild type (P < 0.05).
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Fig. 5. Western blot for HIF-1a. HIF-1a stabilization induced by mutant 1
(mt1) transfection of HelLa cells compared with vector alone (V) and wild type
(wt), with reversal by addition of 100 uM ascorbate (+). After 48 h of
transfection, cells were incubated with glucose-free Krebs buffer for 4 h with
or without ascorbate. The cells then were harvested for Western blotting as
described in Materials and Methods. Ctrl, positive control from cells treated
with 100 uM cobalt chloride for 24 h. Densitometric analysis from replicate
experiments is shown below a representative Western blot.

were incubated with Krebs buffer for 4 h. As shown in Fig. 5,
transfection of mutant ND2 constructs resulted in HIF-1 stabi-
lization in one of the mutant transfectants, and stabilization was
abolished by the addition of ascorbate.

Discussion

Although mtDNA mutations are reported in a variety of human
cancers, the pattern and frequency of mtDNA mutations are
poorly defined in any given type of human tumors. In this study,
we have sequenced a total of 83 primary head and neck cancers.
This represents a large cohort of the entire mitochondrial
sequencing in head and neck cancers. Of 83 tumors, 41 (49%)
contain mtDNA mutations. Although mutations occur through-
out the entire mitochondrial genome, most mutations are in the
D-loop region. Because of its unique triple-stranded DNA
structure, the D-loop region is hypervariable and susceptible to
somatic mutations. In the coding region, we found proportion-
ally more nonsynonymous amino acid-changing mutations in
ND2, ND5, COIIl, CYTB, and ATP6 genes (Fig. 1A4). It should
be noted here that the deletion of the mitochondrial genome,
particularly the common 4,977-bp deletion, has been reported in
oral cancer (16). However, we were unable to detect such a
deletion with the current assay. Comprehensive analysis of this
common deletion in head and neck cancers may be important
because controversial reports exist on the mutation rate of this
common deletion between normal and tumor tissues (17, 18).
Nevertheless, we found a nonrandom distribution of mutations
throughout the mitochondrial enzyme complex components in
this relatively large cohort of tumors, and we found no muta-
tional hot spots in these genes. We found that almost all of the
tumors with mtDNA mutations contained at least one of a
D-loop, tRNA, ribosomal RNA, or nonsynonymous coding
mutation, thus possessing a potential for altering mitochondrial
function via alterations in transcription, translation, or replica-
tion. In addition, an identical mutation in gene ND4L (Fig. 1B)
was identified in margins with dysplasia adjacent to the primary
tumor, indicating that mitochondrial mutation occurred early in
cancer progression in this tumor, before the development of an
invasive phenotype. All of these results suggest that mitochon-

Zhou et al.

drial mutations may play a role in tumor development. Although
nonsynonymous amino acid-changing mutations may possess a
biological function, most mutations were synonymous mutations
in this cohort. A nonrandom distribution of synonymous muta-
tions was observed throughout coding regions. In general, more
synonymous mutations were found in ND2, ND5, COI, and
CYTB. It recently has been demonstrated that variations in
synonymous codons in a defined gene can affect in vivo protein
structure and thus alter function (19, 20). If this is the case for
mitochondrial genes, the role of synonymous mtDNA mutations
in cancer may not be neglected, given the fact that most
mutations are synonymous mutations.

In contrast to previous studies, a high proportion of hetero-
plasmic mutations were identified in the present study, which
may reflect the high sensitivity of the MitoChips compared with
conventional sequencing assays (10, 21). The predominant mu-
tations are G-A and T-C transitions, which often are induced by
oxidative exposure (22). Like any other sequencing technology,
accuracy is an important concern in mtDNA sequencing. Par-
ticularly, sample contamination has been increasingly gaining
attention when analyzing mtDNA sequences, as criticized in a
recent report (23). This problem was excluded in the present
study because contamination or sample mix-up would result in
identification of same mutations in distinct samples. Of the 228
mutations identified, only 4 were repeated in the 83 tumors, a
D-loop mutation was shared among three tumors with additional
discordant mutations in these three samples, and a single ATP6
mutation was shared between two tumors with other discordant
mutations found in these two samples.

Because of its limited repair ability and lack of histone
protection, mtDNA is vulnerable to endogenous and exogenous
ROS (24-26). Yet, the mechanisms leading to high mutation
rate of mtDNA in tumors are not fully understood. It has been
known that p53 possesses antioxidant functions through up-
regulating other antioxidant genes (27-29). Given the frequent
occurrence of p53 mutations in head and neck cancers (14, 30,
31), we therefore analyzed the association between the mtDNA
mutations and p53 status. We demonstrate that there is a positive
correlation between mtDNA mutations and p53 mutations. The
lack of an association between mtDNA mutations and tobacco
exposure suggests that mitochondrial mutations are more likely
to be caused by a deficiency in pS53-facilitated base-excision
repair and/or an increased oxidative stress in cells with mutant
p53, rather than by tobacco smoking itself. We propose that, in
addition to other mechanisms, p53 mutations may participate in
tumor progression through regulation of mitochondrial genomic
integrity. Indeed, it has been demonstrated experimentally that
p53 is involved in maintaining base-excision repair and genetic
stability (32-34).

Another important finding in the present study is that we
demonstrate that transfection of mutant mitochondrial gene ND2
induces increased anchorage-dependent and -independent growth
in cancer cell lines (Fig. 2), accompanied by an increased ROS
production (Fig. 3) and an aerobic glycolytic metabolic phenotype
(Fig. 4) together with HIF-1« induction (Fig. 5). However, these
mutants were not able to induce cell growth in immortalized OKF6
cells, which suggests that these mitochondrial mutations by them-
selves may not be powerful enough to cause malignant transfor-
mation but may promote the expression of a malignant phenotype
in conjunction with other alterations. As mentioned previously, the
potential for mtDNA mutations to influence tumor development
has been demonstrated by a previous study that ATP6 mutant
induces an increase in ROS generation with increased tumorige-
nicity when placed into prostate cancer cell lines (9). However, this
mutation was not originally found in primary tumor. It is worth
noting that functional analysis of mtDNA mutations largely is
limited by the difficulty in cloning mitochondrial genes, which
requires broad conversions of mitochondrial sequence to nuclear
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codes. In the present study, we used long-range gene synthesis to
directly convert the ND2 gene to nuclear universal codes. Appli-
cation of the long-range gene synthesis technique is of particular
significance in mitochondrial gene cloning. In addition to the
differences between mitochondrial genetic codes and universal
codes, frequent polymorphisms exist in a variety of cell lines. Using
long-range gene synthesis thus has become extremely helpful in
cloning the mitochondrial genes according to varying background
sequences of individual host cells.

Our functional data demonstrate a link between mitochondrial
genomic mutations found in primary human cancers and induction
of an aerobic, glycolytic, and malignant phenotype that has been a
known feature of most solid tumors for over half a century.
Mitochondrial mutations may provide a dual role in tumor devel-
opment. Mitochondrial mutations may activate pathways involved
in development and maintenance of a malignant phenotype, in-
cluding HIF-1« induction, via a conversion to a glycolytic metab-
olism. In addition, generation of increased cellular ROS results in
a continuous genomic insult that may induce mutations and chro-
mosomal alterations in both nuclear and mitochondrial genomes. In
this manner, mitochondrial mutations may alter the role of a
functional oxidative phosphorylation chain as both a metabolic
gatekeeper to prevent inappropriate conversion to a glycolytic
metabolic phenotype and a caretaker to prevent inappropriate
production of genotoxic ROS.

Mitochondrial respiratory chain protein mutations may have
alternative mechanisms in contributing to malignant phenotypes
outside of these described pathways (35). For example, ND2
interacts with Src outside of the mitochondrion, and differences in
HIF-1« stabilization by the studied mutations may be caused by
effects of ND2 mutations outside respiratory chain function. Be-
cause of the ability to express mutant mitochondrial-encoded genes
in nuclear-translated constructs, the functional effects of cancer-
specific mutations in other mitochondrial-encoded genes are of
significant interest, and further characterization of the effects of
other mutations may define other means by which mitochondrial
mutations induce a malignant phenotype.

Materials and Methods

Tissue Samples and DNA Isolation. Eighty-three primary head and
neck tumor tissues and matched normal specimens (lympho-
cytes) were collected after surgical resections with prior consent
from patients in The Johns Hopkins University Hospital as per
institutional review board approved protocols. Tumor specimens
were frozen and microdissected on a cryostat so that the tumor
samples contained >70% neoplastic cells. Tissues were digested
with 1% SDS/proteinase K, and DNA was extracted by phenol-
chloroform and ethanol-precipitated. Control DNA from
matched peripheral lymphocytes was processed in the same
manner as described in ref. 36.

Sequencing of DNA Samples. All of the DNA samples were se-
quenced with MitoChip version 2.0, an oligonucleotide microarray.
Briefly, the entire mtDNA sequence was amplified in three over-
lapping long PCR fragments, with each reaction containing 50 ng
of genomic DNA. The amplified PCR products then were frag-
mented and labeled with GeneChip DNA labeling reagent and 3.4
wl of 30 units/ul terminal deoxynucleotidyl transferase (both from
Affymetrix, Santa Clara, CA). Prehybridization, hybridization,
washing, and scanning of the MitoChip were performed as de-
scribed in the Affymetrix CustomSeq Resequencing protocol. The
entire procedure was described in detail in ref. 10.

GeneChip p53 Assay. The p53 mutations were detected by the
GeneChip p53 assay (Affymetrix). The whole procedure was de-
scribed in ref. 37. All mutations detected by GeneChip pS3 assay or
Surveyor/denaturing HPLC analysis were identified and confirmed
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by automatic (ABI BigDye cycle sequencing kit; Applied Biosys-
tems, Foster City, CA) or direct dideoxynucleotide sequencing.

Cell Culture. Human HeLa cell line was purchased from the
American Type Culture Collection (Manassas, VA). HeLa cells
were grown in DMEM supplemented with 10% FBS containing
penicillin/streptomycin in a humidified incubator at 37°C, 5% CO..
Head and neck squamous cancer cell line O19 was established in
The Johns Hopkins University Department of Otolaryngology—
Head and Neck Surgery. O19 cells were grown in RPMI medium
1640 supplemented with 10% FBS containing penicillin/
streptomycin in a humidified incubator at 37°C, 5% CO..

Plasmid Construction. We converted the ND2 gene into nuclear code
directly by using long-range gene synthesis (Genscript). With this
long-range gene synthesis technique, we synthesized ND2 wild type
and two mutants, mt1 (ND2-G4831A; amino acid change G-D) and
mt2 (ND2-A4605G; amino acid change K-E). The synthesized wild
type and mutants then were subcloned into Sall and NotI sites of
plasmid pCMV/myc/mito (Invitrogen, Carlsbad, CA). Plasmids
then were resequenced with conventional sequencing to confirm
results.

Transfection of ND2 Constructs. HeLa cells were transfected with
empty vector, wild-type, or mutant constructs at 40-60% conflu-
ence by using FUGENE 6 (Roche, Basel, Switzerland) according to
product protocols.

RNA Extraction, cDNA Synthesis, and RT-PCR. Total cellular RNA was
isolated with the RNeasy kit (Qiagen, Valencia, CA) according to
the manufacturer’s instructions. Total RNA was measured and
adjusted to the same amount for each cell line, and then cDNA
synthesis was performed by using random hexamers with the
SuperScript First-Strand Synthesis kit (Invitrogen). The final cDNA
products were used as the templates for subsequent RT-PCR.
GAPDH was used as reference. The RT-PCR primer pair se-
quences for the ND2 construct were forward, 5'-GCCCAA-
ATGGGCCATTATC-3’, and reverse, 5'-TCAGATCCTCTT-
CTGAGATGG-3'. The primer pair sequences for GAPDH were
forward, 5'-CAACTACATGGTTTACATGTTC-3’, and reverse,
5'-GCCAGTGGACTCCACGAC-3'.

Colony Formation Assay. Forty-eight hours after transfection with
wild-type, mutant, or control constructs, cells (1 X 10°) were
seeded into 100-mm Petri dishes with 10 ml of DMEM supple-
mented with 10% FBS and 1,000 ug/ml G418. After 14 days, the
resulting colonies were rinsed with PBS, fixed with methanol,
and stained with Giemsa (Sigma, St. Louis, MO). The number
of colonies per dish was counted. All experiments were per-
formed in triplicate, and standard deviations were calculated.

Soft-Agar Assay. Soft-agar assays were performed on six-well
plates. Forty-eight hours after transfection with wild-type, mu-
tant, or control constructs, cells (5 X 10%) were mixed with 1 ml
of DMEM with 0.3% low-melting agarose and 10% FBS sup-
plemented with 1,000 ug/ml G418 and poured onto a bed of 1 ml
per well DMEM with 0.5% agarose and 10% FBS supplemented
with 1,000 pwg/ml G418. After 18 days, colonies were counted
with the Nikon SMZ1500 microscope and photographed with
the Nikon DXM camera. All experiments were performed in
triplicate, and standard deviations were calculated.

Assessment of ROS Generation. Cellular production of ROS was
detected with a cell-permeable probe, 2',7'-dichlorodihy-
drofluorescein diacetate (DCFH-DA). The probe is oxidized to
yield high-intensity fluorescence in the presence of simple
(hydrogen peroxide) and more complex related peroxides. The
DCF fluorescence intensity therefore is proportional to the
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amount of ROS formed and was used here to assess total ROS
production. In brief, cultured cells were harvested, washed with
PBS, and resuspended in serum-free medium. The cells then
were incubated with 5 uM DCFH-DA for 45 min at 37°C, washed
with PBS, and placed on ice. Fluorescence was measured by flow
cytometry. As a positive control, cells were pretreated with 100
M H;0,; for 30 min.

Pyruvate and Lactate Measurement. To measure pyruvate and
lactate, 50 ul of medium was taken from cells grown in 2 ml of
medium in six-well cell culture plates and frozen until the time
of measurement. Before measurement, samples were centri-
fuged to remove any microbubbles. Pyruvate and lactate content
was measured by the enzymatic method using a pyruvate and
lactate kit (Sigma). Metabolite measurements were performed
with the CMA 600 Analyzer (CMA/Microdialysis, Acton, MA).

Western Blot. The cultured cells were scraped in PBS and cen-
trifuged at 670 X g for 5 min. Cell pellets were lysed in 1X RIPA
buffer [25 mM Tris-HCI (pH 7.6), 150 mM NacCl, 1% Nonidet
P-40, 1% sodium deoxycholate, and 0.1% SDS] supplemented
with protease inhibitor. The total lysate was centrifuged at 17,900
X g for 10 min, and supernatant was collected. Western blot
analysis was performed by using standard techniques. For each
sample, 30 ug of protein was separated on 4-12% NuPAGE gel
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(Invitrogen) and electroblotted onto poly(vinylidene difluoride)
membranes. Membranes then were incubated in PBS supple-
mented with 5% nonfat dry milk for 1 h at room temperature.
The HIF-1a was probed with anti-HIF-1« antibody (1:1,500; BD
Bioscience, San Jose, CA) at 4°C overnight. The blots were
visualized by using a peroxidase substrate system and ECL
Western blotting detection reagents (Amersham Biosciences,
Piscataway, NJ). Control of protein loading was achieved by
reprobing with anti-B-actin (Sigma).

Statistical Analysis. Tumor samples were classified into different
categories according to age, race, tumor sites, smoking history,
and p53 status. Univariate and multivariate logistic regression
analyses were performed to determine the associations between
mtDNA mutations and the clinical characteristics with the SAS
system. Student’s ¢ test was used to compare the difference in two
groups.
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